This pa per pro vides a "state-of-the-art
Introduction
His tor i cally, the fire per for mance of con crete has of ten been taken for granted con sid er ing its non-com bus ti ble na ture and abil ity to func tion as a ther mal bar rier, pre vent ing heat and fire spread. De sign cri te ria have been based on the re sults of test ing to "stan dard" fire ex po sures [e. g. 1] typ i cally ex pressed in terms of required re in force ment cover. How ever, the gen eral ap pli ca bil ity and use ful ness of this ap proach may be de bated since the heat ing re gimes in real-world fires may be quite dif fer ent. In par tic u lar, ini tial heat ing rates can be more rapid and all real fires have a dis tinct "cool ing phase"; both of these con di tions are rec og nized as im pos ing ad ditional stresses on in situ struc tures which may be highly re strained. Thus there are still ob vi ous gaps in knowl edge of the true be hav iour of con crete struc tures in fire.
In fun da men tal terms, the fire be hav iour of con crete is linked to the tem per ature-de pend ent ma te rial prop er ties. Since the ther mal diffusivity is rather low, com pared to steel, strong tem per a ture gra di ents are usu ally gen er ated within fire-ex posed con crete mem bers. To gether with the high ther mal in er tia, this means that the core re gion may take a long time to heat up. Thus, whilst the com pres sive strength of con crete is rap idly lost be yond a crit i cal tem per a ture, which is not too dis sim i lar to the equiv a lent tem per a ture for loss of steel strength, struc tural ef fec tive ness is not diminished un til the bulk of the ma te rial reaches the same tem per a ture. This re quires an anal y sis of the ther mal re sponse of the en tire struc tural el e ment.
An other prob lem which oc curs when con crete is ex posed to fire is spalling [2] . This is the phe nom e non in volv ing ex plo sive ejec tion of chunks of con crete from the surface of the ma te rial, due to the break down in sur face ten sile strength. It is caused by the me chan i cal forces gen er ated within the el e ment due to strong heat ing or cool ing, i. e. ther mal stresses, and/or, by the rapid ex pan sion of mois ture in the con crete in creas ing the pore wa ter pres sure within the struc ture. Spalling may oc cur un der a va ri ety of cir cum stances where strong tem per a ture gra di ents are pres ent, both in the heat ing and cool ing phases.
The per for mance of con crete in fire de pends both on the de tails of its com po sition and its type, i. e. nor mal-strength, high-per for mance (HPC) or ul tra-high-per formance (UHPC); the main fo cus of this re view is the for mer two cat e go ries, though the latter will also be men tioned. Each of the above is sues is ex plored in more de tail in the sec tions be low.
Physical and chemical response to fire
Con crete and fire have a com plex in ter ac tion, due to the com po si tion of con crete and the ex treme ther mal con di tions of ten found in fire. Con crete is far from be ing a homog e nous ma te rial, con sist ing of a com pos ite of ce ment gel, ag gre gate, and, fre quently, steel (or other) re in force ment. Each of these com po nents has a dif fer ent re ac tion to thermal ex po sures in it self, and the be hav iour of the com pos ite sys tem in fire is not easy to de fine or model [2] . Fur ther more, the low ther mal con duc tiv ity of con crete pre cludes the use of the "lumped pa ram e ter" sim pli fi ca tion com monly adopted in ther mal anal y sis of metal struc tures such as steel, where ther mal gra di ents within the solid are ig nored. It is com mon for de sign codes (e. g. BS 8110 [3] ) to by pass the com plex i ties of tem per a ture dis tri bu tions by sim ply spec i fy ing a cer tain depth of con crete cover to the re in force ment bars in a com pos ite struc ture, pro vid ing an in su lat ing ef fect upon the steel. The un certain ties in the de tails of the ther mal re sponse are thereby sub sti tuted by ex ten sive test ing, mostly based on stan dard heat ing curves and pre sented as a "fire re sis tance" time, typ ically a func tion of thick ness or cover, for dif fer ent types of con crete [3] .
There are a num ber of phys i cal and chem i cal changes which oc cur in con crete sub jected to heat [2, 4, 5] . Some of these are re vers ible upon cool ing, but oth ers are non-re vers ible and may sig nif i cantly weaken the con crete struc ture af ter a fire. Most porous con cretes con tain a cer tain amount of liq uid wa ter. This be gins to vapor ise if the tem per a ture ex ceeds 100 °C, usu ally caus ing a build-up of pres sure within the con crete. In prac tice, the boil ing tem per a ture range tends to ex tend from 100 to about 140 °C due to the pres sure ef fects. Be yond the mois ture pla teau, when the tem per a ture reaches about 400 °C, the cal cium hy drox ide in the ce ment will be gin to de hy drate, gen er at ing more wa ter vapour and also bring ing about a sig nif i cant re duc tion in the phys i cal strength of the ma te rial. Other changes may oc cur in the ag gre gate at higher tem per a tures. For ex ample quartz-based ag gre gates in crease in vol ume, due to a min eral trans for ma tion, at about 575 °C, whilst lime stone ag gre gates will be gin to de com pose at about 800 °C. In iso lation, the ther mal re sponse of the ag gre gate it self may be straight for ward but the over all re sponse of the con crete due to changes in the ag gre gate can be much dif fer ent. For exam ple, dif fer en tial ex pan sion be tween the ag gre gate and the ce ment ma trix may cause crack ing and spalling.
In com bi na tion, these phys i cal and chem i cal changes in con crete will have the ef fect of re duc ing the com pres sive strength of the ma te rial. In prac tice, the crit i cal temper a tures for sig nif i cant strength re duc tion de pend strongly on ag gre gate type, ap prox imate val ues be ing: sand light-weight con crete (650 °C), car bon ate (660 °C), and si liceous (430 °C). At lower tem per a tures the in flu ence of tem per a ture on strength can also be very vari able, de pend ing both on com po si tion and en vi ron men tal fac tors, such as the de gree to which the con crete is "sealed" due to mois ture [2] . There is also an in flu ence of con crete strength, with the hot strengths of UHPC con cretes de clin ing more than for other con cretes [2] . Nev er the less, as noted above, all of these tem per a ture re la tions provide only in di rect links to the fire re sis tance per for mance of con crete struc tures due to the steep tem per a ture gra di ents typ i cally ex hib ited within the depth of the ma te rial. Structural fail ure of ten only occurs when the effective strength of any steel reinforcement is lost through heating.
The de tails of the phys i cal and chem i cal trans for ma tion of con crete with el evated tem per a tures have been a sub ject of sig nif i cant re search ef fort over many years [2] . Un for tu nately, most of these stud ies have been con ducted with re spect to cer tain pre deter mined heat ing re gimes, which might not be very rep re sen ta tive of heat ing in real fires, i. e.: (1) the tem per a ture-time curve used in stan dard fire tests, (2) slow heat ing, lead ing to re duced in ter nal tem per a ture gra di ents, or (3) us ing other tem per a ture-time re la tionships ap pro pri ate only for spe cific ap pli ca tions. Thus, the com bined ef fect of phys i cal and chem i cal changes in re la tion to the ther mal gra di ents typ i cal of fires has, in most cases, not been as sessed. There fore, an im por tant area of re search that has yet to be addressed is the sys tem atic vari a tion of the ther mal ex po sures, at the sur face and within the depth of the ma te rial, and the in ter pre ta tion of such stud ies with re spect to likely con ditions in real fires, i. e. de ter min ing "worst case sce nar ios".
Af ter a fire, changes in the struc tural prop er ties of con crete do not re verse themselves, as op posed to steel struc tures where cool ing will of ten re store the ma te rial ef fectively to its orig i nal state. This is due to the ir re vers ible trans for ma tions in the phys i cal and chem i cal prop er ties of the ce ment it self. Such changes may be used as in di ca tors of max i mum ex po sure tem per a tures, based on post-fire ex am i na tion of the state of the concrete sur face [6, 7] . It should be noted that, in some cir cum stances, a con crete struc ture may be con sid er ably weak ened af ter a fire, even if there is no vis i ble dam age.
Sev eral con cep tual mod els are avail able for the me chan i cal be hav iour of concrete at el e vated tem per a tures. A num ber of these are re viewed by Li and Purkiss [8] , in par tic u lar those de vel oped by Anderberg and Thelandersson [9] , Schnei der [10] , Khoury and Terro [11] , in or der to es tab lish a gen eral meth od ol ogy for use in fi nite el e ment analy sis of a struc ture. It is noted that most of these thermomechanical mod els break the strain im posed on the con crete into four dif fer ent types: "free ther mal strain" re sult ing from the change in tem per a ture, "creep strain" due to the dis lo ca tion of micro struc tures within the ma te rial, "tran sient strain" caused by changes in the chem i cal com po si tion of the concrete, and "stress-re lated strain" aris ing from ex ter nally-ap plied forces.
The mod els ex am ined by Li and Purkiss each han dle these strains dif fer ently [8] . Free ther mal strain is solely a func tion of the tem per a ture of the con crete mem ber, how ever creep, tran sient and stress-re lated strains are func tions of stress, tem per a ture and time, mak ing it dif fi cult to sep a rate which strains are be ing in flu enced dur ing an exper i ment. In or der to re duce this level of com pli ca tion, some of the mod els gather two or even all three of these strains to gether into one ef fec tive term. Typ i cally, this is the "transient creep strain", in cor po rat ing the creep strain and tran sient strain to gether, also referred to as the "load in duced ther mal strain" (LITS). The im por tance of ac count ing for this strain, which is spe cif i cally rel e vant to con crete amongst struc tural ma te ri als, and may be dom i nant over elas tic strains, has been emphasised by a num ber of au thors, includ ing Khoury [2] and Niel sen et al. [12] . In fact, it is gen er ally re cog nised that the presence of tran sient ther mal creep is an im por tant rea son that con crete does not de grade com pletely when heated be yond 100 °C, as this ef fect pro vides a de gree of re lax ation [13] , help ing to mini mise the stress gra di ents orig i nat ing from ther mal in com pat i bil i ties and tem per a ture gra di ents. Fur ther more, be yond 100 °C LITS de pends mainly on temper a ture, rather than time, which ren ders it more ame na ble to mod el ling [2] .
Based on the work of these ear lier re search ers, Li and Purkiss cre ated a new model and used it to dem on strate the sig nif i cance of tran sient strain [8] . It was shown that mod els that do not in clude tran sient strain are unconservative for high tem per a tures, though at low tem per a tures tran sient strain ap pears to have less ef fect. It was also noted that the full stress-strain curves pro vided in EN 1992-1-2 (the struc tural Eurocode for con crete de sign [14] ) for higher tem per a tures are unconservative, i. e. com pared to the val ues from the mod els ex am ined in the pa per.
Ul ti mately, con crete mem bers may fail in a num ber of dif fer ent ways [2] . For load-bear ing re in forced slabs, if the strength of the steel re in force ment is lost due to heating then there may be bend ing or ten sile strength fail ure. This mech a nism is con ven tionally char ac ter ised by mid-span de flec tions of L/30, where L is the span. Re in forced members may also fail when the bond be tween the con crete and the re in force ment bars is lost, with as so ci ated con crete ten sile fail ure. Shear or tor sion fail ure are also in flu enced by con crete ten sile strength, but are poorly de fined ex per i men tally. Fi nally, com pres sive fail ures are usu ally as so ci ated with tem per a ture-re lated loss of com pres sive strength of the con crete in the com pres sion zone.
In prac tice, many of these con di tions are re lated to the struc tural per for mance of the mem ber in situ, i. e. in re la tion to the re strains and sup ports pro vided by other parts of the struc ture, and can not be con sid ered in iso la tion. In deed, col lapse of con crete struc tures in real fires has been var i ously at trib uted to poor con ti nu ity of re in forcement/poor work man ship, and per haps more re al is ti cally to the in abil ity of a struc ture to ac com mo date or re sist large hor i zon tal dis place ments caused by ther mal ex pansion of floor slabs [15] . These as pects are dis cussed in more de tail in section Whole struc ture per for mance. Other cases can be at trib uted more di rectly to sim ple loss of con crete cover to the re in force ment due to se vere spalling; this phe nom e non is discussed next.
Spalling
One of the most com plex and hence poorly un der stood be hav ioural char ac ter istics in the re ac tion of con crete to high tem per a tures or fire is the phe nom e non of "ex plosive spalling" [2, 16] . This pro cess is of ten as sumed to oc cur only at high tem per a tures, yet it has also been ob served in the early stages of a fire [17] and at tem per a tures as low as 200 °C [18] . If se vere, spalling can have a del e te ri ous ef fect on the strength of re in forced con crete struc tures, due to en hanced heat ing of the steel re in force ment. Spalling may signif i cantly re duce or even elim i nate the layer of con crete cover on the re in force ment bars, thereby ex pos ing the re in force ment to high tem per a tures, lead ing to a re duc tion of strength of the steel and hence a de te ri o ra tion of the me chan i cal prop er ties of the structure as a whole.
An other sig nif i cant im pact of spalling upon the phys i cal strength of struc tures oc curs via re duc tion of the cross-sec tion of con crete avail able to sup port the im posed load ing, in creas ing the stress on the re main ing ar eas of con crete. This can be im por tant, as spalling may man i fest it self at rel a tively low temperasures, be fore any other neg a tive ef fects of heat ing on the strength of con crete have taken place.
The mech a nism lead ing to spalling is gen er ally thought to in volve high ther mal stresses re sult ing from rapid heat ing and/or large build-ups of pres sure due to mois ture evap o ra tion within the po rous con crete, which the struc ture of the con crete is not able to dis si pate. These ac tions lead to the de vel op ment of frac tures and ex pul sion of chunks of ma te rial from the sur face lay ers. More spe cif i cally, the main pre req ui sites for spalling have been es tab lished as: mois ture con tent of at least 2%, and steep tem per a ture gra di ents within the ma te rial [10] . For the lat ter, a value of 5 K/mm is a rough min i mum and at 7-8 K/mm spalling is very likely [19] . Tem per a ture gra di ents are de pend ent not only on gas-phase tem per a tures but also heat ing rates, so that it is not pos si ble to de fine a thresh old tem per ature per se; rather, an equiv a lent limit can be de fined in terms of heat ing rates, this be ing of the or der of 3 K/min. [2] . How ever, these crit i cal val ues for spalling may also be af fected by the type of con crete, in clud ing the strength of the ma te rial and the pres ence of fibres [2] .
There has been a large amount of re search re cently on the po ten tial for in clu sion of var i ous types of fibres into con crete to potentially mit i gate the ef fects of spalling. Some stud ies [20] [21] [22] [23] [24] have in cluded poly propy lene fibres into the con crete ma trix. The main the ory is that when the con crete is sub jected to heat, the poly propy lene will melt, cre at ing path ways within the ma te rial for the ex haust of wa ter vapour and any other gaseous prod ucts, which will thereby re duce the build-up of pres sure. There has been some de bate as to whether mono-fil a ment or multi-fil a ment fibres are better able to mit i gate spalling [25] . It has also been sug gested that the melted poly propy lene fibres can form a bar rier to the trans port of mois ture fur ther into the con crete, pre vent ing pres sure build-up at greater depth and forc ing the mois ture to es cape in stead [21] . On the other hand, the poly propy lene fibres may pro vide a mech a nism for crack ing deeper within the con crete, which could mit i gate spalling at the sur face, but may it self have ad verse struc tural con sequences [21] . Other stud ies have added steel fibres to con crete sys tems [25] , based on the idea that the steel will in crease the duc til ity of the con crete and ren der it more able to with stand the high in ter nal pres sures. How ever, re sults so far are in con clu sive [25] .
Re cently there has been in creas ing use of "high-strength" (or "high-per formance") con crete. This ma te rial typ i cally has con sid er ably higher com pres sive strength than nor mal-strength con crete, but it is mark edly less po rous and mois ture ab sor bent. While this gen er ally re duces the wa ter con tent of the ce ment, it is also harder for wa ter vapour to es cape dur ing heat ing. It is some times ar gued that high-strength con crete is more prone to spalling, due to its lower po ros ity and hence the in creased like li hood of high pres sure de vel op ing within the con crete struc ture [20] . How ever, other re cent research has shown that this is not nec es sar ily the case, with some test ing show ing higher spalling re sis tance in these ma te ri als [21] , at trib ut able to the fact that their im proved tensile prop er ties can ef fec tively coun ter act the increase in forces which promote a tendency for spalling.
Fi nally, it should be noted that de spite se vere chal lenges de rived from the complex ity of the rel e vant phe nom ena, mod el ling of spalling is be gin ning to show prom ise [2, 16, 26] , though with more work still needed. Mod el ling as pects are dis cussed fur ther in sec tion De tailed mod els.
Cracking
The pro cesses lead ing to crack ing are gen er ally be lieved to be sim i lar to those which gen er ate spalling [27] . Ther mal ex pan sion and de hy dra tion of the con crete due to heat ing may lead to the for ma tion of fis sures in the con crete rather than, or in ad di tion to, ex plo sive spalling. These fis sures may pro vide path ways for di rect heat ing of the re inforce ment bars, pos si bly bring ing about more ther mal stress and fur ther crack ing. Un der cer tain cir cum stances the cracks may pro vide path ways for fire to spread between adjoining compartments.
Geogali and Tsakiridis [27] made a case study of crack ing in a con crete build ing sub jected to fire, with par tic u lar em pha sis on the depths to which cracks pen e trate the con crete. It was found that the pen e tra tion depth is re lated to the tem per a ture of the fire, and that gen er ally the cracks ex tended quite deep into the con crete mem ber. Ma jor damage was con fined to the sur face near to the fire or i gin, but the na ture of crack ing and discol our ation of the con crete pointed to the con crete around the re in force ment reach ing 700 °C. Cracks which ex tended more than 30 mm into the depth of the struc ture were attrib uted to a short heat ing/cool ing cy cle due to the fire be ing ex tin guished.
The im por tance of the stress con di tions in the con crete should be noted. Compres sive loads which may arise from ther mal ex pan sion can be very ben e fi cial in compact ing the ma te rial and sup press ing the for ma tion of cracks [2] ; this re sults in much smaller deg ra da tion of com pres sive strength and elas tic modulus than in spec i mens bearing reduced loading.
Use of supporting materials
Re search has been un der taken on the ef fects of wrap ping a con crete mem ber in a va ri ety of fab rics in or der to as sess any im prove ment of spalling re sis tance that this may pro vide [28] . It was found that a metal fab ric has a ben e fi cial ef fect on spalling re sis tance, with less ef fect us ing car bon fi bre and glass fi bre fab rics. All tests were noted to have less or no spalling when poly propy lene fibres were added to the con crete mix ture [22] . Steel fab ric re duces spalling by pro vid ing lat eral con fine ment pres sure to the con crete mem ber which is greater than the in ter nal vapour pres sure caus ing spalling. The re duced ef fect of car bon and glass fi bre fab rics is due to the bond strength of these ma te ri als dimenishing at high tem per a tures and the cor re spond ing re duc tion of the abil ity of the fab ric to pro vide con fine ment. It does not ap pear that the tech nique in duces crack ing deeper within the struc ture.
Performance of reinforcement in fire
The per for mance of steel dur ing a fire is un der stood to a higher de gree than the per for mance of con crete, and the strength of steel at a given tem per a ture can be pre dicted with rea son able con fi dence. It is gen er ally held that steel re in force ment bars need to be protected from ex po sure to tem per a tures in ex cess of 250-300 °C. This is due to the fact that steels with low car bon con tents are known to ex hibit "blue brit tle ness" be tween 200 and 300 °C. Con crete and steel ex hibit sim i lar ther mal ex pan sion at tem per a tures up to 400 °C; how ever, higher tem per a tures will re sult in sig nif i cant ex pan sion of the steel com pared to the con crete and, if tem per a tures of the or der of 700 °C are at tained, the load-bear ing capac ity of the steel re in force ment will be re duced to about 20% of its de sign value. Bond fail ure may be im por tant at high tem per a tures, as dis cussed in sec tion Phys i cal and chem ical re sponse to fire.
Re in force ment can also have a sig nif i cant ef fect on the trans port of wa ter within a heated con crete mem ber, cre at ing im per me able re gions where moisture may be come trapped. This forces the wa ter to flow around the bars, in creas ing the pore pres sure in some ar eas of the con crete and there fore po ten tially en hanc ing the risk of spalling. On the other hand, these ar eas of trapped wa ter also al ter the heat flow near the re in force ment, tend ing to re duce the tem per a tures of the in ter nal con crete [29] .
A large area of cur rent study is into the ef fects of us ing glass or car bon fi bre re inforce ment rather than steel re in force ment in con crete [30] [31] [32] [33] [34] . Much of this re search is due to the rel a tive lack of in for ma tion on Fi bre Re in forced Plas tic (FRP) re in force ment at high tem per a tures. How ever, most of this test ing in di cates that with suf fi cient cover to the re in force ment, FRP re in force ment will have ad e quate fire en dur ance [30, 31] . Also, ex ter nally-bonded FRP may be used for strength en ing ex ist ing struc tures; in this case, the pro vi sion of fire pro tec tion ma te ri als may also need to be con sid ered [35] .
Composite structures
A com mon form of con struc tion for floor slabs is known as "com pos ite construc tion". In this method, a con crete slab is cast upon steel beams. The formwork for the slab is a pro filed metal sheet, known as deck ing, which spans be tween the beams. "Shear studs" are welded to the top of the steel beams, through this pro filed deck ing. These studs al low a me chan i cal bond to be formed be tween the con crete and the steel mem ber, and there fore al low the beam and the slab to act as a sin gle el e ment with an in creased strength. The steel deck ing is left per ma nently in place af ter the con crete has been cast. Steel re in force ment is typ i cally added above the profiled decking.
There has been a sig nif i cant amount of work car ried out on the fire per for mance of com pos ite steel and con crete struc tures, for ex am ple the Cardington re search in cluded a num ber of full-scale fires on a steel-framed struc ture which used com pos ite con crete floor slabs [15] . These struc tures have been found to have con sid er able re sis tance to fire, more than ini tially ex pected [36] . This is in part due to the con crete floor hav ing ca pac ity to act as a ten sile mem brane due to the ad di tion of steel re in force ment above the deck ing, al low ing the load to re dis trib ute through the struc ture when the prop er ties of steel are reduced. In some cases this may lead to a re duc tion in the re quire ment for fire pro tec tion on the steel ar eas of the struc ture, typ i cally the sec ond ary beams.
Fire resistance
In com mon with other struc tural mem bers, per for mance as sess ment of con crete el e ments is nor mally car ried out with re spect to a stan dard heat ing curve de vel oped in a fire re sis tance test fur nace [37] [38] [39] . This heat ing re gime is de fined purely in terms of a tem per a ture-time curve, orig i nally con ceived as be ing rep re sen ta tive of the de vel op ment of a fire in a stan dard liv ing room, and ex pressed in es sen tially iden ti cal form in a num ber of stan dards, both in ter na tion ally, i. e. the ISO-834 fire curve [1] , and na tion ally, i. e. the BS-476 curve in the UK, and ASTM E-119 in the US. Other stan dard fire curves ex ist which are in tended to rep li cate the tem per a ture de vel op ments in other as sumed sce nar ios [2] . For ex am ple, the "hy dro car bon curve" [40] , is com monly used in the chem i cal process ing in dus try to rep re sent the de vel op ment of a fire in volv ing liq uid fu els. This curve has a much more rapid growth phase and high tem per a tures (over 1000 °C) are at tained within the first 20 min utes of the fire. In The Neth er lands, the Rijkwaterstaat and TNO es tab lished a stan dard fire curve (RWS) to sim u late the tem per a ture de vel op ment of a tanker or large goods ve hi cle fire in a tun nel [41] . This curve has a very fast tem per a ture de vel op ment and at tains a peak value of 1350 °C af ter about an hour. It has also been used in test ing of non-tun nel struc tural mem bers.
Whilst these test meth ods have the ad van tage of pro vid ing a de gree of stand ardisa tion of heat ing re gimes, their in trin sic lim i ta tions are widely re cog nised [37] [38] [39] . Firstly, though tem per a ture de vel op ment is stand ard ised via fur nace con trol, the ac tual heat ing im pact on the struc ture is de pend ent on other vari able fac tors, in clud ing the op tical prop er ties of the fur nace gases and the ther mal re sponse of the struc ture. Sec ondly, the test re sults pro vide very lit tle in for ma tion on the likely per for mance of struc tural el ements in situ, i. e. tak ing into ac count the in ter ac tion be tween dif fer ent parts of a struc ture, the ef fects of re straint, etc. Thirdly, whilst there may be gra di ents in thermal ex po sures even within the "uni form heat ing" en vi ron ment of fire re sis tance furnaces [42] , even steeper gra di ents are com mon in fully-de vel oped com part ment fires [43] . The ef fects on struc tural per for mance of spa tial non-uni for mi ties in heat ing are poorly known, though it has long been re cog nised that spalling can be linked to these con di tions. Fi nally, stan dard curves make no at tempt to ac count for the im por tant post-fire cool ing stage of a fire [44] . The po ten tial sig nif i cance of cool ing on con crete per for mance was dem on strated dur ing a test of some con crete struc tural el e ments at Hagerbach test gal lery, Swit zer land [45] . Dur ing the test a con crete sam ple re sisted tem per a tures of up to 1600 °C for two hours with out fail ure, but half an hour into the cool ing phase the sam ple col lapsed ex plo sively. It is not cur rently known, in the major ity of cases, how much spalling ex hib ited in a real build ing fire takes place as a result of cool ing rather than heat ing. Al though con sid er able re search has been conducted to un der stand the be hav iour of steel struc tures dur ing cool ing, no equiv a lent ef fort has so far been made for con crete.
As is clear from the above, stan dard fire tests can only sim u late a very lim ited range of heat ing con di tions. Re cently there has been some dis cus sion on the dif fer ent response to fire be hav iours of con crete in "short hot" fires com pared to "long cool" ones. While many of these sce nar ios are cov ered by the so called "para met ric curves" [46] , most test ing is still con ducted with the stan dard fur nace. Meth ods to es tab lish equiv alency be tween stan dard test ing and real fire be hav iour are very crude and mostly designed for steel mem bers and not for con crete or ther mal in su la tion [47] . Short hot fires pro vide se vere ther mal stresses to struc tures but are of lim ited du ra tion. Dur ing long cool fires, peak tem per a tures are lower, but due to the lon ger fire du ra tion the con crete member may be heated to a much greater depth. De bate on which of these con di tions is more harm ful to con crete is on go ing [48] . Lamont et al. [48] have car ried out some fi nite el ement mod el ling of such fires for com pos ite steel and con crete struc tures, and while no spe cific work has yet been un der taken for purely con crete struc tures many of these results will be ap pli ca ble. The dif fer ent fire ex po sures were gen er ated by use of a con stant fire load of 250 MJ/m 2 be ing ap plied with dif fer ing open ing ar eas, rep re sent ing re al is tic mod els of real-world fires with varying de grees of ven ti la tion fail ure. How ever, no val ida tion based on test re sults is avail able in the lit er a ture.
More spe cif i cally, due to the na ture of "stan dard fire" fur nace tests, the heat trans fer to and within the struc tural mem ber un der test can be quite dif fer ent ac cord ing to the type of the com po nent be ing as sessed. For ex am ple, a steel beam and a con crete slab sub jected to the same fur nace test will re spond very dif fer ently [42] . The ther mal con ductiv ity of the steel is many times higher than that of the con crete thus, dur ing the test, the net heat trans fer from the fur nace gases to the mem ber sur face is many times greater than that to the con crete mem ber. Hence, af ter the ini tial rapid heat ing of the face of the slab, the same stan dard test ex poses a steel beam to a sig nif i cantly higher net heat flux than it does to a con crete beam [42] .
An other ap proach to stand ard is ing heat ing is adop tion of con stant ex po sure tem per a tures. Hertz and Sorensen [20] have de vel oped a bench-scale test method for study of spalling us ing con crete cyl in ders. An oven tem per a ture of 1000 °C was used to gen er ate a sur face tem per a ture of 800 °C within 20 min utes; in prin ci ple, this type of method could be used to ex am ine the ef fects of both ex po sure temperature and heating rates.
Whole structure performance
While it is im por tant to un der stand the per for mance of in di vid ual con crete mem bers dur ing a fire, the be hav iour of the same struc tural el e ments within the con text of a com plete struc ture can vary widely from their in de pend ent re sponses. For ex am ple, ther mal ex pan sion of mem bers which have been sub jected to heat ing may lead to forces be ing ex erted upon the cooler mem bers due to dif fer en tial ex pan sion, with com pres sion forces within the heated mem bers due to re strain ing forces pro vided by the rest of the struc ture. The ef fects of ther mal ex pan sion have long been rec og nized with steel and com pos ite mem bers [49] , but lit tle re search is avail able for con crete struc tures; nev er theless, this phe nom ena has po ten tial to pre cip i tate the col lapse of con crete struc tures dur ing a fire and its role in ac tual fire-in duced col lapses has been de bated [15] . Equally, it must be re cog nised that in sit u a tions where an in di vid ual con crete mem ber might have failed, the over all struc ture may nev er the less re main in tact, due to the in her ent re dun dan cies and load re dis tri bu tion. This is a com mon phe nom e non in com pos ite struc tures (see sec tion Com pos ite struc tures).
Mod el ling has been un der taken of var i ous in di vid ual con crete el e ments, for ex am ple con crete col umns, dur ing a fire [50] . These have been used in par tic u lar to com pare pre dic tions with the struc tural Eurocodes and val i date against the be hav iour of real con crete col umns dur ing full-scale fire test ing. Work has been car ried out to study the bound ary con di tions of the col umn as well as the ef fects of heat ing on the concrete it self [51] , and hence give a closer ap prox i ma tion to the ef fects of fire on a whole struc ture. This is im por tant, con sid er ing the need to re late the be hav iour of a struc tural mem ber to the struc ture it is con tained in, and to ex am ine the ef fects of the mem ber response on the ad ja cent struc ture dur ing heat ing. These tests showed that the ad ditional forces gen er ated were low, around 15% of the de sign load of the col umns. The col umns tested were 125 ´ 125 mm cross-sec tion ´ 1.8 m high with 108 N/mm 2 high-strength con crete. This is small for a con crete sec tion and it is un cer tain whether this data would be scal able to larger mem bers or ap pli ca ble to mem bers with normal-strength con crete. The study con cluded that fur ther work is re quired in this area.
The main re ports on the ef fects of fire on whole build ings have been pro duced as a re sult of tests car ried out at Cardington by the Build ing Re search Es tab lish ment (BRE) [15, 17, 52] . One of the full-scale struc tures in side the Cardington lab o ra tory was a seven-storey con crete build ing. A fire test was per formed on this struc ture, us ing a fire load pro vided by wood cribs in an open com part ment on the ground floor, sur round ing a high-strength concrete col umn. The ther mal ex po sures re sult ing from the fire were not par tic u larly high but they did serve to in di cate that the col umn per formed very well with lit tle vis i ble dam age; the col umn con tained poly propy lene fibres which may have as sisted in achiev ing this perfor mance. How ever, un ex pect edly large amounts of spalling were caused in the con crete ceil ing slab, made of nor mal-strength con crete. This nev er the less re mained fully in tact, largely due to "com pres sive mem brane ac tion" as the ex pan sion of the con crete slab was re strained due to the pres ence of cold sur round ing ar eas of struc ture, and there fore load was sup ported by the com pres sive strength of the con crete. Such com pres sive mem brane ac tion can only take place at rel a tively small dis place ments. At larger dis place ments "ten sile mem brane ac tion" may also sup port a floor slab, with the re in force ment it self re strain ing the dis place ment of the slab; how ever this mech a nism re lies on the re in forc ing bars re taining suf fi cient strength. In the case of the Cardington test the near-sur face re in forc ing bars are un likely to have re tained large amounts of strength due to be ing di rectly ex posed to high tem per a tures as a re sult of the ex tent of the spalling, so it is un cer tain how the slab may have re sponded at higher dis place ments.
The Cardington re sults have been used to pro vide in put data for a fi nite el e ment model which made a large num ber of as sump tions with re spect to the per for mance of con crete in fire (for ex am ple, the ef fects of spalling were ne glected) [17] . Fur ther study of the ef fects of fire upon full-scale build ings would be extremely useful.
An other use ful source of in for ma tion on the per for mance of whole build ings in fire is in for ma tion de rived from the ob served be hav iour of real fire in ci dents. This is an ac tive area of cur rent work, for in stance with re spect to the Wind sor Tower fire in Ma drid (Feb ru ary 2005) [53] , and other his tor i cal fires [15] . The main chal lenge here is to re produce the fire con di tions which might have ex isted in the fire, and here ad vanced mod elling tools can be of great as sis tance, com bined with in ter pre ta tion of var i ous forms of the re cord of the fire, e. g. video ev i dence. Im proved doc u men ta tion of con crete per for mance in other fires will be very use ful in ad vanc ing knowl edge in this field.
Detailed models
Com pre hen sive anal y sis of struc tural con crete is an in tri cate prob lem for which con ven tional an a lyt i cal meth ods are rarely suf fi cient and where com pu ta tional mod elling tools pro vide the only re al is tic al ter na tive. If the re sults from com plex nu mer i cal anal y ses are to be re lied upon, the con sti tu tive re la tion ships on which they are based must be as ac cu rate as pos si ble and cap ture all ex per i men tally-ob served phe nom ena. Fur thermore, the en gi neers in volved in this pro cess must have a thor ough knowl edge of the phys i cal pro cesses in volved in or der for them to make a rea son able judgement during the analysis, de sign, and assessment procedures.
Some com mer cially-avail able "Fi nite El e ment Anal y sis" pack ages are able to de scribe the thermomechanical be hav iours of re in forced con crete. How ever, with a few ex cep tions, they are typ i cally crude, as they over-sim plify the com plex prob lem of model ling con crete and of ten lack al go rith mic ro bust ness. These codes sim plify ther mal effects by ap ply ing a tem per a ture de pend ency to the ma te rial prop er ties (cf. de scrip tion under sec tion Phys i cal and chem i cal re sponse to fire); how ever, this can not ad e quately ac count for the com plex cou pled pro cesses that cause many of the ob served phe nom ena and these codes are there fore un sat is fac tory for de tailed mod el ling of con crete be hav iour in fires.
The true be hav iour of con crete sub jected to an ag gres sive en vi ron ment is controlled by the his tory of the multi-ax ial stress state, tem per a ture and mois ture con tent [2, 26] . In the past, in ad e quate mod el ling of the com plex cou pling of these vari ables has resulted in an over-sim pli fi ca tion in the sim u la tion pro cess and there fore failed to pro vide fully mean ing ful, quan ti ta tive pre dic tions of the be hav iour of con crete struc tures. In fact, con crete un der such con di tions should be con sid ered as a multi-phase sys tem where the voids are partly filled with liq uid and partly with a gas eous mix ture com posed of dry air and wa ter vapour. To re al is ti cally sim u late struc tural con crete un der com plex load ing sce nar ios a model must in volve a cou pled heat-mass trans fer and me chan i cal anal y sis. The three main phys i cal pro cesses to be con sid ered in such a coupled formulation can be identified as mechanical, ther mal, and hygral.
Pre vi ous mod el ling stud ies have gen er ally rep re sented the thermo-me chan i cal re sponse of con crete by ex tend ing iso ther mal mod els to in cor po rate ther mal de pend ency. In most com mer cial fi nite el e ment codes, me chan i cal ma te rial prop er ties such as strength and stiff ness are sim ply re lated to tem per a ture, al though such an ap proach does not account for the ir re vers ible change these ma te rial prop er ties un dergo. A so phis ti cated, thermo dy nam i cally con sis tent thermo-me chan i cal model was pre sented by Stabler [54] ; temper a ture ef fects were in cluded via a ther mal dam age model and the gov ern ing ther mal and me chan i cal equa tions were solved in a fully-cou pled man ner. How ever, hygral consid er ations and tran sient ther mal creep were not in cluded in the model, and these are impor tant phe nom ena in rep re sent ing the re sponse to heating, as described above.
Tenchev and Purnell [16] de vel oped a nu mer i cal model for heat-mass trans fer in which all phases are ex plic itly mod elled but with out any me chan i cal cou pling. The lat ter as pect would be a nat u ral ex ten sion as it is the de hy dra tion and mass trans port un der heating that re sults in sig nif i cant changes in the me chan i cal ma te rial prop er ties and thus the loss of decohesion and stiff ness. There are very few fully-cou pled hygro-thermo-me chan i cal mod els pro posed in the lit er a ture. No ta ble ex cep tions in clude the work of Khoury et al. [21, 26] , Grasberger and Meschke [55] , and Ulm et al. [56] . All of these mod els are computationally ex pen sive and ap pli ca tion to full-scale prob lems is chal leng ing.
Conclusions and areas for further research
The be hav iour of con crete in fire is not well char ac ter ised at pres ent, and fur ther re search is re quired in al most ev ery as pect of this field. The re sponse of con crete ma te ri -als to heat ing is fun da men tally com plex; for ex am ple, deg ra da tion in the phys i cal prop erties of con crete var ies strongly de pend ing on the de tails of the con crete mix, in clud ing the mois ture con tent, and rel e vant en vi ron men tal pa ram e ters, such as the max i mum fire tem per a ture and fire du ra tion. These changes are gen er ally ir re vers ible. Sys tem atic studies are re quired on the effects of different heating conditions on concrete.
A more sig nif i cant chal lenge arises in re lat ing these de tailed small-scale be haviours to the per for mance of whole struc tures in re al is tic fires. Though good prog ress has been made on mod el ling the me chan i cal be hav iour of con crete struc tures, par tic u larly when the sig nif i cant role of LITS is prop erly ac counted for, the use of de tailed mod els to pre dict spalling be hav iour re mains a sig nif i cant chal lenge. More over, ca pa bil ity to predict struc tural in ter ac tions, which may have a role in fail ures, is poorly de vel oped.
His tor i cally, very sim ple treat ments have of ten been adopted to de scribe fire envi ron ments, ref er enc ing sim ple tem per a ture-time curves or as sum ing ho mo ge neous temper a tures, which are poor rep re sen ta tions of real fires. More ex ten sive re search into the ef fects of tem po ral and spa tial vari a tions in heat ing, on a range of con crete com po si tions, is now re quired. This de mands fur ther test ing of com plete con crete struc tures in re al is tic fires, to ob serve their ho lis tic be hav iour, in clud ing the in ter ac tions be tween dif fer ent parts of a struc ture, and in or der to fa cil i tate the val i da tion of ad vanced com puter mod els. De tailed stud ies of the per for mance of con crete struc tures in ac tual fire in ci dents can also as sist greatly in ad vanc ing knowl edge of real-world be hav iour.
